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1. Introduction

 

    The vertical displacement caused by the ocean tidal loading is of the order of several 
tens of millimeters in polar regions. This is important for the GLAS project since it requires centi-
meter-level accuracy in surface elevation change detection. Applying the ocean tidal loading cor-
rection will improve the accuracy of satellite altimeter measured surface elevation over polar 
regions, especially in the coastal areas. Conversely, assimilation of the altimetry measurements 
will improve the tidal models at high latitudes.

 

2. Background

 

If melted, Antarctic and Greenland ice sheets would produce a 72-meter rise in sea level 
(Oerlemans, 1993). For this factor alone, we need to understand how Antarctica and Greenland 
will react to the current climate change. In the present century, sea-level rose at an average rate of 

1.0-2.0 mm yr

 

-1

 

 (

 

Warrick

 

, 1993). Part of the sea level rise can be explained by ocean thermal 
expansion and the melting of glaciers/small ice caps and, perhaps, net mass loss to the Greenland 

ice sheet. The annual snow fall on the grounded Antarctic ice is equivalent to about 5 mm yr

 

-1

 

 of 
global sea level change (

 

Jacobs

 

, 1992), so yearly variation of snowfall on the Antarctic ice sheet 
can have a measurable effect on sea level. Without independent knowledge of the contribution of 
the Antarctic ice sheet, there remains a major uncertainty in understanding sea level change (

 

War-
rick and Oerlemans

 

, 1990). To fix ideas, assuming that half of the sea-level rise, i.e. 0.5-1.0 mm 

yr

 

-1

 

, comes from a mass loss to the Antarctic ice sheet, then  the  mean elevation of Antarctica 

would need to drop at a rate of about 15-30 mm yr

 

-1

 

. This estimate ignores the potential contribu-

tions of other phenomena, such as post-glacial rebound.

Satellite altimeters can be used to monitor the volume of the polar ice sheets. Substantial 
progress in studying polar mass balance has been sustained by the use of satellite radar altimeters 
(

 

Brenner et al

 

, 1983, 

 

Zwally et al,

 

 1989, 

 

Zwally

 

, 1989, 

 

Partington et al, 

 

1991, 

 

Bentley and Shee-
han

 

, 1992, 

 

Lingle et al

 

, 1994, 

 

Yi et al, 

 

1997). However the precision of the satellite radar altime-
ters is limited by surface slope because of the large radar footprint (

 

Brenner et al,

 

 1983), 
imperfect understanding of the microwave penetration to the subsnow surface (

 

Ridley and Par-
tington,

 

 1988, 

 

Yi and Bentley,

 

 1997), and inadequate accuracy of satellite orbits (

 

Haines et al,

 

 
1994). The Geoscience Laser Altimeter System (GLAS) (

 

Schutz

 

, 1995), designed mainly for mea-
suring polar ice sheets, has a much smaller footprint of about 70 meter which will reduce the sur-
face slope effect and benefits from an on board GPS which will give an orbit accuracy of 

 

±

 

50 mm. 

Ocean tides and solid earth tides have been taken into account in processing the satellite 
radar altimetry data (

 

Zwally et al,

 

 1990). However, the smaller vertical displacement caused by 
the ocean tidal loading has heretofore not been taken into account. This is no surprise since the 
precision of satellite radar altimeters over land is of the order of several tens of centimeters while 
the vertical displacement load tide is of the order of several tens of millimeters even along the 
coast. Ocean loading effects only become important when the surface elevation measurements 
require centimeter-level precision. To determine accurately the surface elevation and surface ele-



 

vation change, it is important to estimate the ocean tidal loading effects and apply an ocean tidal 
loading correction to the surface elevation measurement. 

 

3. Ocean tidal loading

 

    Various methods have been used to compute tidal loading. 

 

Baker

 

 (1985) lists five of 
them: (1) the spherical harmonic expansion method; (2) the polygon method; (3) the template 
method; (4) the spherical disc method; and (5) the Green’s function method. In this ATBD, the 
tidal loading is computed by the Green’s function method (

 

Farrell

 

, 1972). 

 

Agnew

 

 (1996) produced 
a software package which makes it is easy to calculate tidal loading at a given point by using the 
Green’s function and an ocean tide model. In Agnew’s package, the ocean load tide L is given by

(1)

where 

 

∆

 

 is the distance, 

 

α

 

 is the azimuth of the point with geographical coordinates (

 

θ, λ

 

) relative 
to the place of observation, which is at (

 

θ′, λ′

 

); H is the tidal height at (

 

θ, λ

 

), 

 

ρ

 

 is ocean water den-
sity, and a is the radius of the earth. G

 

L

 

 is the mass loading Green’s function and S

 

L

 

 is the combi-
nation of trigonometric functions needed to compute a vector or tensor load. The Green functions 
used are obtained from 

 

Farrell

 

 (1972). There are numerous global tide models available: for 
example, the Schwiderski model (

 

Schwiderski

 

, 1980), the CSR 3.0 model (

 

Eanes

 

, 1994), the 
TPXO.2 model (

 

Egbert et al

 

, 1994), and the FES95.2 model (

 

Le Provost et al,

 

 1994, 1995). For 
present purposes, any one of these models can be used with acceptable results.

 

4. Algorithm Description

 

The displacement component at a location at a time 

 

t

 

 is given by (

 

McCarthy

 

, 1992)

 (2)

where 

 

f

 

j

 

 and 

 

µ

 

j

 

 depend on the longitude of the lunar node, A

 

j 

 

and 

 

Φ

 

j

 

 are the amplitude and phase 
for each displacement component, 

 

ω

 

j

 

 is the frequency of tide 

 

j 

 

and 

 

χ

 

j

 

 is the astronomical argument 
at t = 0. The three components of displacement (vertical, east-west, north-south) can be calculated 
by the above equation, but here we are only interested in the vertical displacement. 

 

χ

 

j

 

 is calculated 
using the program ARG described by 

 

McCarthy

 

 (1992). 

 

f

 

j

 

 and 

 

µ

 

j

 

 are calculated by the following 
relations for the eight largest constituents, which together account for over 90% of the tidal signal 
(

 

Doodson

 

, 1928):

   

 

    f

 

m2

 

 = 1.000 - 0.037 cos(N)

 

    f

 

s2

 

 = 1.0

 

    f

 

n2

 

 = 1.000 - 0.037 cos(N)

 

    f

 

k2

 

 = 1.024 + 0.286 cos(N) + 0.008 cos(2N)

L θ′ λ′,( ) ρH θ λ,( )GL ∆( )SL α( )a2 θ( )sin θd

0

π

∫ 
 
 

λd

0

2π

∫=

∆c f j Aj ω j t χ j µ j Φ j–+ +( )cos
j

∑=



 

    f

 

k1

 

 = 1.006 + 0.115 cos(N) - 0.009 cos(2N)

 

    f

 

o1

 

 = 1.009 + 0.187 cos(N) - 0.015 cos(2N)

 

    f

 

p1

 

 = 1.0

 

    f

 

q1 = 1.009 + 0.187 cos(N) - 0.015 cos(2N)

 

    µm2 = -2.1° sin(N)

    µs2 = 0.0°

    µn2 = -2.1° sin(N)

    µk2 = -17.7° sin(N) + 0.7° sin(2N)

    µk1 = -8.9° sin(N) + 0.7° sin(2N)

    µo1 = 10.8° sin(N) - 1.3° sin(2N) + 0.2° sin(3N)

    µp1 = 0.0°

    µq1 =10.8° sin(N) - 1.3° sin(2N) + 0.2° sin(3N)

    N = (259.16° - 19.3282° (year-1900) - 0.0530° (day + leapyear))

   Since the calculation of the amplitude and phase of a tidal  constituent is relatively time consum-
ing, an interpolation method on a gridded set of pre-calculated results is used instead. The load 
tide varies smoothly, so it can be interpolated in space and time with negligible error. We calculate 
the tidal loading at a point (x, y) by first determining its value at the  four nearest neighbors in the 
grid, interpolating the tidal values at the grid points for the appropriate time. Then we use bilinear 
spatial interpolation (e.g. Press et al., 1992) to compute the appropriate amplitude and phase of 
each tidal component at (x, y). Finally, we combine components using Equation 2. "

At each gridded point, the amplitudes and phase of the tidal constituents can be calculated before-
hand. Our algorithm is based on the pre- calculation of tides on a 1° by 1° grid globally, (this can 
be performed on a HP-735 workstation of the GLAS Science Computing Facility, using the soft-
ware described above with no attempt at streamlining the procedure or optimizing the software). 
When the pre-calculated results are stored on disk, a million points along a ground track, or about 
5 orbits, can be calculated in 7 minutes through bilinear interpolation. "

Figure 1 shows a grid block for the interpolation. The tidal loading L at point (x, y) is calculated 
by,

        L(x, y) = (1-c1)(1-c2)L(x1, y1)+c1(1-c2)L(x2, y1)+c1c2L(x2, y2)+(1-c1)c2L(x1, y2)



          c1 = (x-x1)/(x2-x1)

          c2 = (y-y1)/(y2-y1)

   

 Since the load tide varies smoothly, it can be interpolated in space and time with negligible 
error. This justifies our approach of tabulating load tide amplitudes and phases on a 1°×1° geo-
graphical grid. Then, to estimate tidal-loading displacements at any given time and any given 
point within Antarctica we use bilinear interpolation  (e.g.  Press et al. , 1992) to compute the 
appropriate amplitude and phase at that location, and use Equation 2. As a check, we compare cal-
culated and interpolated values for a 180-day time series sampled at hourly intervals, starting Jan-
uary 1, 2001, at three locations : (66.6617°S, 140.0014°E), (70.5°S, 135.5°E), and (70.5°S, 
45.5°E). The first point is near the coast, the other two are inland. The standard deviations of the 
residuals between calculated and interpolated values are 0.35 mm, 0.05 mm, and 0.03 mm, 
respectively. That is more than accurate enough for correcting the measurements to be made by 
GLAS. In view of these results, it is clear that calculation of the tides at grid nodes need only be 
performed once during the time taken by the spacecraft to traverse the grid cell. This indicates that 

Figure 1: Geometry and notation for bilinear interpolation of ocean load tides.



an effective strategy is to compute the corrections only at a relatively sparse set of points —say, 
every 15 seconds, that is every 600 shots, or every degree along track— and to interpolate using 
the shot count as the independent variable along track. This approach will work for any tidal cor-
rection, the only caveat being that the transitions from ocean to land environments and vice versa 
must be accounted for by keeping track of the intersections of the ground track with a sufficiently 
accurate map of the coastlines.

5. Discussion

    We accounted in Equation 2 for the eight major tidal constituents  (four semidiurnal 
waves: m 2 , n 2 , s 2 , k 2 , and four diurnal waves: k 1 , o 1 , p 1 , q 1 ) that contribute most to 
tidal loading. We used the tide model FES95.2 to calculate the amplitude and phase of m 2 , n 2 , 
s 2 , k 2 , k 1 , o 1 , q 1 . TPXO.2 was used to calculate the amplitude and phase of p 1 . We 
selected FES95.2 mainly because it is the only readily available global ocean-tide model that 
includes the regions under the Ross, Filchner, and Ronne Ice Shelves around Antarctica, regions 
which are of major concern to the GLAS project. 

As a validation of this approach, we compare the vertical displacement computed here to 
that obtained using amplitude and phase calculated by McCarthy (1992) following Scherneck 

Figure 2: Contour map of maximum vertical displacement due to ocean tidal loading over 
Antarctica.
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(1991). At a test point (66.6617°S, 140.0014°E) in Antarctica, for a 180-day period starting from 
January 1, 2001, the difference between the two calculations is less than ±1.6 mm. McCarthy’s 
results are estimated to be accurate at the ±3 mm level (McCarthy, 1992). Since we used a more 
recent, presumably improved tide model, we can assume that the accuracy of our calculation is at 
least as good.

    The results show that the vertical tidal loading displacements are typically several centi-
meters over Antarctica. As expected, the amplitudes are higher along the coast and lower inland. 
The distribution of the maximum possible load tide over Antarctica (the sum of vertical displace-
ments amplitude of eight tide constituents, which is what might be expected if all constitutents 
ever happend to be in phase) is shown in Figure 2. It reaches a maximum value over Antarctica 
which exceeds 40 mm.

In practice, one sees the largest amplitudes when most of the constituents are in phase. For 
example at (66°S,100°E) the maximum amplitude is about 40 mm, but the total range of the dis-
placement time series reaches only about 60 mm in the first ten years of the 21st century, not 80 
mm. Figure 3 and Figure 4 are two examples showing the spatial and temporal variations of tidal 
loading. In Figure 3, two load tide time series are plotted. One is calculated at 1 hour intervals and 
the other at 0.2 hour intervals. They are indistinguishable, which demonstrates that temporal inter-
polation is fully justified.

Similarly, in Figure 4, there are two lines plotted: tidal loads calculated every degree and 

Figure 3: Comparison of load tide time series calculated at 1 hour intervals and at 12 
minute intervals. This shows that temporal interpolation is justified.



every half degree of longitude, respectively, at latitude 70degS. Again, the two cannot be distin-
guished.. For a time series of 180 days starting from January 1, 2001, on one hour intervals, the 
standard deviation of the differences between the directly calculated value and the bilinear inter-
polated value are 0.35 mm, 0.05 mm and 0.03 mm for points at (66.6617°S, 140.0014°E), 
(70.5°S, 135.5°E), and (70.5°S, 45.5°E). This is good enough for GLAS tidal loading correction. 

6. Tests of the significance of the loading correction

A typical technique used in altimetry research is crossover point analysis. This is done by  
comparing elevation estimates at successive passes (e.g. ascending and descending measure-
ments) at a single location at the surface. We used a set of crossover points at high southern lati-
tudes, provided by Dr. Schutz’s group at University of Texas for an eight day repeat orbit scenario. 

Figure 5 shows the tide loading effect over a crossover point at (67.7799°S, 123.1133°E) 
for the year 2001. Here we only consider the effect of tidal loading, in order to ascertain whether 
a beat pattern between tide frequencies and orbital periods might lead to aliased signals masquer-
ading as systematic changes in elevation. Figure 5(a) shows the tidal load variation for the year 
2001, starting on January 1, and calculated at one hour intervals. The apparent surface elevation 

Figure 4. Vertical displacements at epoch 2001 00:00:00, along a small circle of  latitude 
70°S. Two estimates are shown, calculated at points separated by  1° and 0.5° longitude inter
vals, respectively.  The excellent agreement justifies the practice of computing load tides on a
coarse grid and interpolating bilinearly in space.



changes for ascending and descending paths at the fiducial point are shown in Figures 5(c) and 
5(e). Although individual differences could reach 30 mm, the differences for both ascending and 
descending passes have means of about zero and standard deviations of about 8 mm (Figures 5d 
and 5f). This means that if a sufficient number of measurements are used in calculating the surface 
elevation at this location, for this mission scenario, the bias would be small (several mm). The rms 
error for a single measurement is found to be less than ±10 mm. The error would be much smaller 
inland than along the coast.

It is difficult to assess the possibility of biases based on this single calculation. Indeed, 
there could be instances where the bias could be much more severe.  By applying the tidal loading 
correction discussed above, such possible biases introduced by ocean tidal loading can be 
avoided. As shown above, ocean tide loading corrections are easily provided along the satellite 
ground tracks. Applying these corrections will improve the accuracy of satellite altimeter mea-
sured surface elevations over polar regions, especially in the near coast area where the amplitude 
of the loadtide is larger than inland.

The histogram of these displacement values, shown in frame 5(b) shows that the distribu-
tion is significantly skewed at that location, although the mean over the 365-day cycle is very 
close to zero. This skewness is caused primarily by the near commensurability of the frequencies 
of certain tide components. (For instance, the histogram of values of the function 

 is skewed, extending from a minimum of -1.2 to a maximum value of +2.) 
Furthermore, because this commensurability is nearly perfect for components k1 and k2, this phe-
nomenon may persist with a beat period of many years. It should be noted that the degree of skew-
ness is a function of time, and since it depends on the relative phases of the components, it 
depends also on location. If the beat period is in turn comparable to the repeat period of the sam-
pling by GLAS, then it is possible for tidal loading signals to appear as small, but geographically 
coherent long term apparent changes in the average distribution of ice across the ice sheet. It is 
therefore important to perform this correction accurately. Table 1 shows the frequencies and 
amplitudes of the tides summed here at our test point, and Table 2 shows the beat periods of the 
most likely combinations of tides. The actual skewness and its actual geographical distribution is 
of course a result of the complex pattern of relative phases of all these components.

ϖtcos 2ϖtcos+



Figure 5: Tidal-loading variations in height and crossover analysis at 67°S, 102°E: 
(a) tidal-loading height variations for the year 2001; (b) surface-elevation changes at times 
of ascending-track passage; (c) surface-elevation changes at times of descending-track pas-
sage; (d), (e), and (f) histograms for the variations 
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Table 1: Tide frequencies and vertical displacement at location 
(67.7799°S, 101.9368°E)

Tide
Frequency 

(Degree/hour)
Vertical Displacement 

(mm)

m2 28.9841 4.7

n2 28.4397 1.4

s2 30.0000 2.0

k2 30.0821 0.8

k1 15.0411 7.9

o1 13.9430 7.2

p1 14.9589 2.4

q1 13.3987 1.4

Table 2: Beat frequencies of selected pairs of tidal components

Tide Pairs Repeat Period (years)

k1 ~ k2 410.68

k2 ~ s2 0.50

p1 ~ s2 0.50

p1 ~ k2 0.25
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